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Abstract
© 2018 Frontiers Media S.A. All Rights Reserved. The Russian population consists of more than
100  ethnic  groups,  presenting  a  unique  opportunity  for  the  identification  of  hereditary
pathogenic mutations. To gain insight into the landscape of heredity pathogenic variants, we
employed targeted next-generation sequencing to analyze the germline mutation load in the
DNA damage response and repair  genes of  hereditary breast  and ovary cancer  syndrome
(HBOCS) patients of Tatar ethnicity, which represents ∼4% of the total Russian population.
Several pathogenic mutations were identified in DNA double-strand break repair genes, and the
spectrum of these markers in Tatar patients varied from that previously reported for patients of
Slavic ancestry. The CDK12 gene encodes cyclin-dependent kinase 12, the key transcriptional
regulator of the genes involved in DNA damage response and repair. CDK12 analysis in a cohort
of HBOCS patients of Tatar decent identified a c.1047-2A>G nucleotide variant in the CDK12
gene in 8 of the 106 cases (7.6%). The c.1047-2A>G nucleotide variant was identified in 1 of the
93 (1.1%) HBOCS patients with mixed or unknown ethnicity and in 1 of the 238 (0.42%) healthy
control patients of mixed ethnicity (Tatars and non-Tatars) (p = 0.0066, OR = 11.18, CI 95% =
1.53-492.95, Tatar and non-Tatar patients vs. healthy controls). In a group of mixed ethnicity
patients from Tatarstan, with sporadic breast and/or ovarian cancer, this nucleotide variant was
detected in 2 out of 93 (2.2%) cases. In a cohort of participants of Slavic descent from Moscow,
comprising of 95 HBOCS patients, 80 patients with sporadic breast and/or ovarian cancer, and
372 healthy controls,  this nucleotide variant was absent. Our study demonstrates a strong
predisposition for the CDK12 c.1047-2A>G nucleotide variant in HBOCS in patients of Tatar
ethnicity and identifies CDK12 as a novel gene involved in HBOCS susceptibility.
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Keywords
BRCA1, BRCA2, Breast cancer, CDK12, Homologous recombination repair, Next-generation
sequencing, Ovarian cancer
References
[1] Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
(2015) 65:87-108. doi: 10.3322/caac.21262
[2] Sokolenko AP, Iyevleva AG, Mitiushkina NV, Suspitsin EN, Preobrazhenskaya EV, Kuligina ES, et al. Hereditary
breast-ovarian cancer syndrome in Russia. Acta Naturae (2010) 2:31-5.
[3] Cho S-H, Jeon J, Kim SI. Personalized medicine in breast cancer: a systematic review. J Breast Cancer (2012)
15:265-72. doi: 10.4048/jbc.2012.15.3.265
[4] Jing L, Su L, Ring BZ. Ethnic background and genetic variation in the evaluation of cancer risk: a systematic
review. PloS ONE (2014) 9:e97522. doi: 10.1371/journal.pone.0097522
[5] Gayther SA, Harrington P, Russell P, Kharkevich G, Garkavtseva RF, Ponder BA. Frequently occurring germ-line
mutations of the BRCA1 gene in ovarian cancer families from Russia. Am J Hum Genet. (1997) 60:1239-42.
[6] Sokolenko  AP,  Rozanov  ME,  Mitiushkina  NV,  Sherina  NY,  Iyevleva  AG,  Chekmariova  EV,  et  al.  Founder
mutations in early-onset, familial and bilateral breast cancer patients from Russia. Fam Cancer (2007) 6:281-6.
doi: 10.1007/s10689-007-9120-5
[7] Tereschenko IV, Basham VM, Ponder BAJ, Pharoah PDP. BRCA1 and BRCA2 mutations in Russian familial breast
cancer. Hum Mutat. (2002) 19:184. doi: 10.1002/humu.9008
[8] Shagimardanova E, Shigapova L, Gusev O, Nikitin A, Druzhkov M, Enikeev R, et al. Germline BRCA screening in
breast  cancer  patients  in  Tatar  women  population.  Ann  Oncol.  (2016)  27:vi43-67.  doi:
10.1093/annonc/mdw364.26
[9] Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability - an evolving hallmark of cancer. Nat Rev Mol Cell
Biol. (2010) 11:220-8. doi: 10.1038/nrm2858
[10] Bristow RG, Ozcelik H, Jalali F, Chan N, Vesprini D. Homologous recombination and prostate cancer: a model for
novel DNA repair targets and therapies. Radiother Oncol J Eur Soc Ther Radiol Oncol. (2007) 83:220-30. doi:
10.1016/j.radonc.2007.04.016
[11] Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D'Andrea AD. Homologous recombination deficiency: exploiting
the fundamental vulnerability of ovarian cancer. Cancer Discov. (2015) 5:1137-54. doi: 10.1158/2159-8290.C-
-15-0714
[12] Nilles N, Fahrenkrog B. Taking a bad turn: compromised DNA damage response in Leukemia. Cells (2017) 6:11.
doi: 10.3390/cells6020011
[13] Kitagishi  Y,  Kobayashi  M, Matsuda S.  Defective DNA repair  systems and the development of  breast and
prostate cancer (review). Int J Oncol. (2013) 42:29-34. doi: 10.3892/ijo.2012.1696
[14] Hoeijmakers JHJ. Genome maintenance mechanisms for preventing cancer. Nature (2001) 411:366-74. doi:
10.1038/35077232
[15] Davis AJ, Chen DJ. DNA double strand break repair via non-homologous end-joining. Transl Cancer Res. (2013)
2:130-43. doi: 10.3978/j.issn.2218-676X.2013.04.02
[16] Meindl A, Hellebrand H, Wiek C, Erven V, Wappenschmidt B, Niederacher D, et al. Germline mutations in breast
and ovarian cancer pedigrees establish RAD51C as a human cancer susceptibility gene. Nat Genet. (2010)
42:410-4. doi: 10.1038/ng.569
[17] Li J, Meeks H, Feng B-J, Healey S, Thorne H, Makunin I, et al. Targeted massively parallel sequencing of a panel
of putative breast cancer susceptibility genes in a large cohort of multiple-case breast and ovarian cancer
families. J Med Genet. (2016) 53:34-42. doi: 10.1136/jmedgenet-2015-103452
[18] Easton  DF,  Pharoah  PDP,  Antoniou  AC,  Tischkowitz  M,  Tavtigian  SV,  Nathanson  KL,  et  al.  Gene-Panel
Sequencing  and  the  Prediction  of  Breast-Cancer  Risk.  N  Engl  J  Med.  (2015)  372:2243-57.  doi:
10.1056/NEJMsr1501341
[19] Mantere T, Tervasmäki A, Nurmi A, Rapakko K, Kauppila S, Tang J, et al. Case-control analysis of truncating
mutations  in  DNA damage response  genes  connects  TEX15 and  FANCD2 with  hereditary  breast  cancer
susceptibility. Sci Rep. (2017) 7:681. doi: 10.1038/s41598-017-00766-9
[20] Nielsen FC, van Overeem Hansen T, Sørensen CS. Hereditary breast and ovarian cancer: new genes in confined
pathways. Nat Rev Cancer (2016) 16:599-612. doi: 10.1038/nrc.2016.72
[21] Hollestelle A, Wasielewski M, Martens JWM, Schutte M. Discovering moderate-risk breast cancer susceptibility
genes. Curr Opin Genet Dev. (2010) 20:268-76. doi: 10.1016/j.gde.2010.02.009
[22] Chilà R, Guffanti F, Damia G. Role and therapeutic potential of CDK12 in human cancers. Cancer Treat Rev.
(2016) 50:83-8. doi: 10.1016/j.ctrv.2016.09.003
[23] Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature (2011)
474:609-15. doi: 10.1038/nature10166
[24] Popova T, Manié E, Boeva V, Battistella A, Goundiam O, Smith NK, et al. Ovarian cancers harboring inactivating
mutations in CDK12 display a distinct genomic instability pattern characterized by large tandem duplications.
Cancer Res. (2016) 76:1882-91. doi: 10.1158/0008-5472.CAN-15-2128
[25] Mertins P, Mani DR, Ruggles KV, Gillette MA, Clauser KR, Wang P, et al. Proteogenomics connects somatic
mutations to signalling in breast cancer. Nature (2016) 534:55-62. doi: 10.1038/nature18003
[26] Dai Q, Lei T, Zhao C, Zhong J, Tang Y, Chen B, et al. Cyclin K-containing kinase complexes maintain self-
renewal in murine embryonic stem cells. J Biol Chem. (2012) 287:25344-52. doi: 10.1074/jbc.M111.321760
[27] Li X, Chatterjee N, Spirohn K, Boutros M, Bohmann D. Cdk12 is a gene-selective RNA polymerase II kinase that
regulates  a  subset  of  the  transcriptome,  including  Nrf2  Target  Genes.  Sci  Rep.  (2016)  6:21455.  doi:
10.1038/srep21455
[28] Cheng SWG, Kuzyk MA, Moradian A, Ichu TA, Chang VCD, Tien JF, et al. Interaction of cyclin-dependent kinase
12/CrkRS with cyclin K1 is required for the phosphorylation of the C-terminal domain of RNA polymerase II. Mol
Cell Biol. (2012) 32:4691-704. doi: 10.1128/MCB.06267-11
[29] Blazek D, Kohoutek J, Bartholomeeusen K, Johansen E, Hulinkova P, Luo Z, et al. The Cyclin K/Cdk12 complex
maintains genomic stability via regulation of expression of DNA damage response genes. Genes Dev. (2011)
25:2158-72. doi: 10.1101/gad.16962311
[30] Blazek D. The cyclin K/Cdk12 complex: an emerging new player in the maintenance of genome stability. Cell
Cycle Georget Tex. (2012) 11:1049-50. doi: 10.4161/cc.11.6.19678
[31] Cherdyntseva NV, Pisareva LF, Ivanova AA, Panferova YV, Malinovskaya EA, Odintsova IN, et al. [Ethnic aspects
of hereditary breast cancer in the region of Siberia]. Vestn Ross Akad Med Nauk (2014) 72-79.
[32] Sokolenko AP, Mitiushkina NV, Buslov KG, Bit-Sava EM, Iyevleva AG, Chekmariova EV, et al. High frequency of
BRCA1 5382insC mutation in Russian breast cancer patients. Eur J Cancer Oxf Engl. (2006) 42:1380-4. doi:
10.1016/j.ejca.2006.01.050
[33] Ekumi KM, Paculova H, Lenasi T, Pospichalova V, Bösken CA, Rybarikova J, et al. Ovarian carcinoma CDK12
mutations misregulate expression of DNA repair genes via deficient formation and function of the Cdk12/CycK
complex. Nucleic Acids Res. (2015) 43:2575-89. doi: 10.1093/nar/gkv101
[34] Tien JF, Mazloomian A, Cheng S-WG Hughes CS, Chow CCT, Canapi LT, et al. CDK12 regulates alternative last
exon mRNA splicing and promotes breast cancer cell invasion. Nucleic Acids Res. (2017) 45:6698-716. doi:
10.1093/nar/gkx187
[35] Swisher E. Evaluation of DNA Repair Function as a Predictor of Response in a Clinical Trial of PARP Inhibitor
Monotherapy for Recurrent Ovarian Carcinoma. Seattle, WA: University of Washington (2015).
[36] Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of protein-coding genetic
variation in 60,706 humans. Nature (2016) 536:285-91. doi: 10.1038/nature19057
[37] Karki  R,  Pandya D,  Elston RC,  Ferlini  C.  Defining "mutation" and "polymorphism" in the era of  personal
genomics. BMC Med Genomics (2015) 8:37. doi: 10.1186/s12920-015-0115-z
[38] Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the interpretation
of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet Med Off J Am Coll Med Genet (2015) 17:405-24.
doi: 10.1038/gim.2015.30
[39] Denisova GA, Malyarchuk BA, Derenko MV, Kravtsova OA. Population structure of Volga Tatars inferred from
the mitochondrial DNA diversity data. Russ J Genet. (2011) 47:340-6. doi: 10.1134/S1022795411020086
[40] Knudson  AG.  Two  genetic  hits  (more  or  less)  to  cancer.  Nat  Rev  Cancer  (2001)  1:157-62.  doi:
10.1038/35101031
[41] Pérez-Gracia JL, Ruiz-Ilundáin MG. Cancer protective mutations: looking for the needle in the haystack. Clin
Transl Oncol. (2001) 169-71.
[42] Bajrami I, Frankum JR, Konde A, Miller RE, Rehman FL, Brough R, et al. Genome-wide profiling of genetic
synthetic lethality identifies CDK12 as a novel determinant of PARP1/2 inhibitor sensitivity. Cancer Res. (2014)
74:287-97. doi: 10.1158/0008-5472.CAN-13-2541
[43] Joshi PM, Sutor SL, Huntoon CJ, Karnitz LM. Ovarian cancer-associated mutations disable catalytic activity of
CDK12, a kinase that promotes homologous recombination repair and resistance to cisplatin and poly(ADP-
ribose) polymerase inhibitors. J Biol Chem. (2014) 289:9247-53. doi: 10.1074/jbc.M114.551143
[44] Johnson SF, Cruz C, Greifenberg AK, Dust S, Stover DG, Chi D, et al. CDK12 Inhibition Reverses De Novo and
Acquired PARP Inhibitor Resistance in BRCA Wild-Type and Mutated Models of Triple-Negative Breast Cancer.
Cell Rep (2016) 17:2367-81. doi: 10.1016/j.celrep.2016.10.077
[45] Naidoo K, Wai PT, Maguire SL, Daley F, Haider S, Kriplani D, et al. Evaluation of CDK12 Protein Expression as a
Potential Novel Biomarker for DNA Damage Response-Targeted Therapies in Breast Cancer. Mol Cancer Ther.
(2018) 17:306-15. doi: 10.1158/1535-7163.MCT-17-0760
